Introduction {#s0005}
============

Acute pancreatitis (AP) is an inflammatory disease with a severity ranging from mild edema in the pancreas to severe inflammation with systemic involvement [@b0005]. The incidence of AP is approximately 13--45 cases/100,000 people and is increasing worldwide [@b0010]. No therapeutic agents that inhibit the progression of AP are currently available [@b0015]. Therefore, it is urgent to develop a novel agent that can ameliorate AP.

TMEM16A (anoctamin 1) is a Ca^2+^-activated Cl^−^ channel that participates in various physiological functions ranging from the secretion of epithelial fluid and the contraction of skeletal and smooth muscles to blood pressure control [@b0020], [@b0025], [@b0030]. Recent studies have revealed that TMEM16A expression is upregulated in many diseases including cancer, hypertension, and cystic fibrosis [@b0030], [@b0035], [@b0040]. In addition, TMEM16A overexpression is found in many inflammation-associated diseases such as asthma, cystic fibrosis, and chronic rhinosinusitis [@b0040], [@b0045], [@b0050], [@b0055]. TMEM16A inhibition by its inhibitors such as T16Ainh-A01 (TMEM16A inhibitor-A01) and CaCCinh-A01 (Ca^2+^-activated Cl^−^ channel inhibitor-A01) (the structure of the inhibitors is shown in [Fig. S1](#s0125){ref-type="sec"}) blocks the development of cancer and inflammation [@b0040], [@b0045]. Therefore, TMEM16A inhibitors may be promising for treating TMEM16A overexpression-associated inflammatory diseases.

TMEM16A has been immunohistochemically detected in the pancreatic tissues [@b0060], including in acinar cells [@b0065], [@b0070], islets [@b0075], and duct cells [@b0080], as well as in pancreatic cancer cells [@b0085]. TMEM16A mediates Ca^2+^-activated Cl^−^ and HCO~3~^--^ transport in pancreatic acinar cells (PACs) [@b0090], [@b0095]. TMEM16A-mediated Cl^−^ secretion may function as a main driving force for secreting fluids in PACs [@b0070]. TMEM16A-mediated HCO~3~^--^ transport in PACs is important for luminal pH regulation, and TMME16A inhibition increases luminal acidosis in AP induced by supramaximal cholesystokinin (CCK) treatment [@b0095]. However, although TMEM16A has been implicated in luminal pH regulation in AP, no studies have investigated whether TMEM16A contributes to the pathogenesis of AP.

Sustained intracellular Ca^2+^ elevation in PACs activates trypsinogen, causes mitochondrial dysfunction, induces NFκB activation, and has been recognized as a critical mechanism underlying the pathogenesis of AP [@b0015], [@b0100]. Many known stimuli that induce AP, such as alcohol, CCK hyperstimulation, and bile acids, elicit sustained Ca^2+^ elevation in PACs by activating the inositol 1,4,5-trisphosphate receptor (IP~3~R) Ca^2+^ channel in the endoplasmic reticulum (ER) [@b0100]. TMEM16A binds directly to IP~3~R and is activated by IP~3~R-mediated Ca^2+^ release in dorsal root ganglia cells and HeLa cells (the human epithelial cancer cells of the cervix that have been maintained in culture since 1951 and are often used in research) [@b0105], [@b0110], though this direct interaction between TMEM16A and IP~3~R is not found in cerebral artery smooth muscles [@b0115]. In addition, several lines of evidence have shown that TMEM16A overexpression increases intracellular Ca^2+^ concentrations [@b0085], [@b0110]. However, it is unknown whether TMEM16A is involved in the pathogenesis of AP by increasing IP~3~R-mediated Ca^2+^ elevation.

Here, we studied the mechanism of TMEM16A channels in AP induced by cerulein, a CCK analog that is experimentally used for creating AP models. Both animal and cellular studies showed that TMEM16A expression was upregulated in PACs. TMEM16A upregulation was caused by interleukin 6 (IL-6)/IL-6 receptor (IL-6R)/ signal transducers and activators of transcription 3 (STAT3) signaling activation in AR42J cells. TMEM16A overexpression activated nuclear factor-κB (NFκB) and increased IL-6 secretion. TMEM16A inhibition by short hairpin RNAs (shRNAs) to silence the targeted gene or by inhibitors to block channel currents reduced the TMEM16A currents, inhibited IP~3~R-mediated Ca^2+^ release, and blocked NFκB activation and IL-6 secretion in AR42J cells following cerulein treatment. TMEM16A inhibitors ameliorated pancreatic damage in cerulein-induced AP mice. Our findings suggest that TMEM16A promotes the pathogenesis of AP via activation of the IP~3~R/Ca^2+^/NFκB/IL-6 pathway, and TMEM16A inhibition may be a promising strategy for the treatment of AP.

Materials and methods {#s0010}
=====================

Animals {#s0015}
-------

The Animal Ethics Committee of Liaoning University of Traditional Chinese Medicine approved the experimental protocol for animal use (No. 2019YS (DW)-024-01). All animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. C57BL/6N mice (male, 8--10 weeks old, weighing 20--24 g) were housed at 25 °C with 3.3. water and food *ad libitum*.

Mouse model of cerulein-induced AP {#s0020}
----------------------------------

The mouse model of AP was created by a series of 7 intraperitoneal injections of supramaximal cerulein (50 μg/kg; Sigma-Aldrich, USA) spaced one hour apart. To investigate the time course of TMEM16A expression in AP mice, 24 mice were randomly assigned to 4 groups (n = 6 per group) based on sacrifice time at 0, 6, 12, and 24 h after the last cerulein injection. To study the *in vivo* effect of T16Ainh-A01, 18 mice were randomly assigned to 3 groups (n = 6 per group): the control group, the AP group, and the AP + T16Ainh-A01 group. For the AP + T16Ainh-A01 group, AP mice received intraperitoneal injection of T16Ainh-A01 (1 mg/kg) 30 min prior to the first cerulein injection. Equal volumes of normal saline were injected in control mice. The mice were sacrificed 12 h after the last cerulein injection. Blood and pancreatic tissues were collected for further analysis.

Histological examination of the pancreas {#s0025}
----------------------------------------

Pancreatic tissue sections (5 μm thick) were stained with hematoxylin and eosin. The severity of pancreatitis was assessed using a scoring system that evaluated four pathological parameters: edema (0--4), acinar cell necrosis (0--4), inflammation (0--4), and intrapancreatic hemorrhage (0--4) [@b0120]. The final pathological score (range, 0--16) was determined by the summation of the score for each parameter.

Cell culture and transfection {#s0030}
-----------------------------

Pancreatic acinar AR42J cells (ATCC, Manassas, USA) were cultured in RPMI 1640 medium (HyClone) supplemented with 20% fetal bovine serum (FBS) and 1% penicillin and streptomycin to prevent bacterial contamination in a humid incubator (37 °C, 5% CO~2~). The cell model of AP was created by treating cells with cerulein (10 nM) for 24 h.

AR42J cells were transfected with TMEM16A-expressing plasmids in the pEGFP-N1 vector and the control empty vector [@b0060] or with TMEM16A-shRNAs and scrambled control shRNAs in the pGPU6-EGFP vector (constructed by Shanghai GenePharma, China) using Lipofectamine 2000 (Invitrogen) according to the manufacture's protocol. The pEGFP-N1 vector and the pGPU6-EGFP vector encode enhanced green fluorescent protein (EGFP), which exhibits green fluorescence under a fluorescence microscope and can be used as a reporter to detect the transfected cells.

Western blot {#s0035}
------------

For TMEM16A expression, pancreatic tissues or AR42J cells were homogenized in radio immunoprecipitation assay (RIPA) buffer (Beyotime Biotechnology, China). For NFκB/p65 (65 kD) nuclear translocation, nuclear and cytoplasmic pools were generated using the nuclear and cytoplasmic protein extraction kit (KeyGEN, China). After protein separation by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electroblot transfer, the membranes were incubated with primary antibodies against TMEM16A (1:2,000), STAT3 (1:1,000), phosphorylated STAT3 (p-STAT3; 1:1,000), NFκB/p65 (1:1,000) or IP~3~R (1:1,000) overnight at 4 °C, followed by secondary antibodies (1:10,000) at room temperature for 1 h. Bands were visualized using chemiluminescence detection agents. All primary and secondary antibodies were from Abcam Biotechnology, UK.

Enzyme-linked immunosorbent assay (ELISA) {#s0040}
-----------------------------------------

The IL-6 levels in the AR42J cell culture medium and in the mouse serum and pancreatic tissues were determined using an IL-6 ELISA kit (AMEKO, Shanghai, China) according to the manufacturer's protocols and were detected using a microplate reader (Bio-Rad, USA).

Co-immunoprecipitation {#s0045}
----------------------

AR42J cells were homogenized for 30 min in ice-cold RIPA lysis buffer containing 50 mM Tris(hydroxymethyl)aminomethane-HCl (Tris-HCl; pH 7.4), 150 mM NaCl, 1% Nonidet P-40 (NP-40), 0.25% sodium deoxycholate, sodium orthovanadate, ethylenediaminetetraacetic acid (EDTA) and aprotinin, a protease inhibitor that inhibits proteolysis (Absin Biotechnology, China). After centrifugation, the supernatant was incubated with anti-TMEM16A antibodies or anti-IP~3~R antibodies overnight at 4 °C, followed by incubation with pre-cleaned protein A/G agarose beads (20 μl) for 2 h at 4 °C. The beads were then centrifuged at 3,000 rpm for 3 min at 4 °C, washed with lysis buffer, and resuspended in the sample buffer. The samples were then analyzed by Western blot.

Measurement of intracellular Ca^2+^ {#s0050}
-----------------------------------

AR42J cells were loaded with the cell-permeable fluorescent Ca^2+^ dye fluo-4- acetyloxymethyl ester (Fluo-4-AM) (2 μM, Invitrogen, USA) and 0.1% F127 (Invitrogen, USA) for 50 min at 37 °C in Hank's solution, which provided physiological pH, osmotic balance and essential inorganic ions. The cells were plated on a coverslip in Hank's solution without Ca^2+^ (containing 5 mM Ca^2+^ chelator ethylene glycol-bis(2-aminoethyl ether)-N,N,N\',N\'-tetraacetic acid (EGTA)). The intracellular Ca^2+^ concentration in response to cerulein (10 nM) was measured using a confocal microscope (Nikon C2 plus, Japan) (excitation wavelength, 485 nm; emission wavelength, 515 nm). Fluo-4 fluorescence signal normalized to the resting level (F/F0) was used for analysis.

Patch clamp recordings {#s0055}
----------------------

The patch clamp technique was used to record Cl^−^ currents in a whole-cell configuration. A P97 puller (Sutter Instruments, CA) was used to make electrodes with resistances of \~2--4 mΩ when filled with pipette solution. The data were recorded using Clampex 10 software on a computer connected to an Axopatch 200B amplifier via a Digidata system (Molecular Devices, CA, USA). AR42J cells were voltage clamped at a holding potential of 0 mV. Voltage ramps from −100 to +100 mV were applied at an interval of 10 s. Pipette solutions contained (in mM): 146 CsCl, 2 MgCl~2~, 0.5 EGTA and 8 HEPES (N-2-hydroxyethil-piperazine-N\'-2-ethanesulfonic acid), pH 7.3, adjusted with NMDG (N-methyl-D-glucamine). External solutions contained (in mM): 144 NaCl, 4 KCl, 5 EGTA, 1 MgCl~2~, 10 glucose, and 10 HEPES (pH 7.3). Cerulein was applied to the external solution to record Ca^2+^-activated Cl^−^ currents activated by IP~3~R.

Statistical analysis {#s0060}
--------------------

Origin9 software was used for graphical presentations. Clampfit10 software was used for analyzing current traces. SPSS 13.0 software was used for statistical analyses. Student's *t*-test or one-way analysis of variance (ANOVA) was used to compare the differences between groups. Spearman correlation analysis was used to evaluate the association of TMEM16A expression with the IL-6 levels in AP mice. P \< 0.05 was considered to be statistically significant.

Results {#s0065}
=======

TMEM16A expression is upregulated in cerulein-induced AP {#s0070}
--------------------------------------------------------

We examined TMEM16A expression in cerulein-induced AP mice. Histological examination showed that cerulein treatment induced pancreatic damage in the mice ([Fig. 1](#f0005){ref-type="fig"}A, B). TMEM16A expression was upregulated in the pancreatic tissue of AP mice ([Fig. 1](#f0005){ref-type="fig"}C). Consistent with the animal model of cerulein-induced AP, TMEM16A expression was upregulated in AR42J cells following cerulein treatment for 6--24 h ([Fig. 1](#f0005){ref-type="fig"}D).Fig. 1TMEM16A expression was increased in cerulein-induced AP and was correlated with IL-6 expression. **A.** Representative H&E stains of pancreatic tissues of control mice and AP mice. Mice were sacrificed at 6, 12, and 24 h after the last injection of cerulein. Scale bar: 100 μm. **B.** The pathologic scores of pancreatic tissues in control mice and AP mice at 6, 12, and 24 h after cerulein treatment. n = 6 mice. \*p \< 0.05 vs control. **C.** Western blot analysis of TMEM16A expression in the pancreatic tissues of control mice and AP mice at 6, 12, and 24 h after the last injection of cerulein. **D.** Western blot analysis of TMEM16A expression in control AR42J cells and cells treated with 10 nM cerulein for 6--24 h. n = 3.\*p \< 0.05 vs control. **E, F.** ELISA results of the IL-6 levels in the pancreatic tissues (**E**) and in the serum (**F**) of control mice and AP mice at 6, 12 and 24 h after cerulein injection. n = 6. \*p \< 0.05 vs control. **G, H**. Correlation of TMEM16A with the IL-6 levels in the pancreatic tissues (**G**) and in the serum (**H**) of control mice and AP mice at 6, 12 and 24 h after cerulein injection. The association was analyzed using Spearman correlation analysis.

TMEM16A expression correlates with IL-6 levels in cerulein-induced AP mice {#s0075}
--------------------------------------------------------------------------

It is known that IL-6 is increased in AP and contributes to the pathogenesis of AP [@b0125], [@b0130]. We examined the IL-6 levels in the pancreatic tissue and the serum of AP mice using ELISA. The IL-6 levels in the pancreatic tissues and in the serum were increased in AP mice 6--24 h after cerulein injection ([Fig. 1](#f0005){ref-type="fig"}E, F). The amount of TMEM16A protein was significantly correlated with IL-6 levels in the pancreatic tissues (r = 0.99, *p* = 0.011; [Fig. 1](#f0005){ref-type="fig"}G) and in the serum (r = 0.99, *p* = 0.0057; [Fig. 1](#f0005){ref-type="fig"}F), suggesting that IL-6 may promote TMEM16A expression in AP.

IL-6 promotes TMEM16A expression via the IL-6R/STAT3 pathway in cerulein-induced AP {#s0080}
-----------------------------------------------------------------------------------

The ELISA results confirmed that the IL-6 concentration in the culture medium was significantly increased after cerulein treatment for 24 h ([Fig. 2](#f0010){ref-type="fig"}A), suggesting that IL-6 secretion was increased in the AR42J cell model of AP. IL-6 (0.25 μg/ml) treatment increased TMEM16A expression in AR42J cells ([Fig. 2](#f0010){ref-type="fig"}B). Antibodies against IL-6 receptor (anti-IL-6R) reduced IL-6-induced STAT3 activation and TMEM16A upregulation in AR42J cells ([Fig. 2](#f0010){ref-type="fig"}C-E). The STAT3 inhibitor JSI-124 inhibited IL-6-induced TMEM16A upregulation in AR42J cells ([Fig. 2](#f0010){ref-type="fig"}F). IL-6R antibodies and JSI-124 significantly inhibited cerulein-induced TMEM16A upregulation in AR42J cells ([Fig. 2](#f0010){ref-type="fig"}G, H). These findings suggested that increased IL-6 secretion from acinar cells after cerulein treatment promoted TMEM16A expression via IL-6R/STAT3 signaling activation.Fig. 2IL-6 increased TMEM16A expression via the IL-6R/STAT3 signaling pathway in AR42J cells. **A**. ELISA results of the IL-6 levels in the culture medium in control AR42J cells and in cerulein-treated cells. n = 6.\*p \< 0.05 vs control. **B**. Western blot analysis of TMEM16A expression in AR42J cells treated with different concentrations of IL-6 (0--0.25 μg/ml) for 24 h. **C**. Western blot analysis of the expression of p-STAT3, STAT3, and TMEM16A in AR42J cells treated with 0.25 μg/ml IL-6 for 24 h. **D. E**. Quantification results of pSTAT3 (**D**) and TMEM16A (**E**) expression in C. n = 3.\*p \< 0.05 vs control; \#p \< 0.05 vs IgG. **F**. Western blot results of TMEM16A expression in control AR42J cells and cells treated with 0.25 μg/ml IL-6 for 24 in the presence or absence of the STAT3 inhibitor JSI-124 (1 μM). n = 3.\*p \< 0.05 vs control; \#p \< 0.05 vs IL-6 alone. **G. H**. Western blot results of TMEM16A expression in control AR42J cells and cerulein-treated cells in the presence or absence of antibodies against IL-6R (1 μg/ml) (**G**) or JSI-124 (1 μM) (**H**). IgG was used as control for IL-6R antibodies. n = 3.\*p \< 0.05 vs control; \#p \< 0.05 vs IgG (**G**) or cerulein alone (**H**).

TMEM16A channels and IP~3~R activate each other in AR42J cells {#s0085}
--------------------------------------------------------------

We performed co-immunoprecipitation experiments to investigate whether TMEM16A and IP~3~R directly bind to each other in AR42J cells. The co-immunoprecipitation results showed that TMEM16A directly interacted with IP~3~R in AR42J cells ([Fig. 3](#f0015){ref-type="fig"}A). We then investigated whether IP~3~R-mediated Ca^2+^ release activated TMEM16A Cl^−^ currents in AR42J cells by acute application of cerulein. Under the condition of "0″ Ca^2+^ extracellular solution to exclude the possible effect of Ca^2+^ influx, whole-cell Cl^−^ currents in AR42J cells were gradually activated after the application of cerulein. The currents activated by cerulein exhibited outward rectification at the beginning of cerulein application and showed liner voltage-current relationships when currents were maximally activated, exhibiting the characteristic feature of TMEM16A currents ([Fig. 3](#f0015){ref-type="fig"}B-D). Cerulein-induced Cl^−^ currents were significantly reduced by TMEM16A-shRNA treatment ([Fig. 3](#f0015){ref-type="fig"}B-E). The TMEM16A inhibitor T16Ainh-A01 inhibited cerulein-induced Cl^−^ currents in AR42J cells ([Fig. 3](#f0015){ref-type="fig"}F). Furthermore, T16Ainh-A01 inhibited the IP~3~R-mediated Ca^2+^ release induced by cerulein application ([Fig. 3](#f0015){ref-type="fig"}G, H). Taken together, these results suggested that TMEM16A and IP~3~R directly interacted with and activated each other in AR42J cells.Fig. 3TMEM16A and IP~3~R activated each other in AR42J cells. **A**. Immunoprecipitation of IP~3~R by antibodies against TMEM16A (anti-T16A, left) and of TMEM16A by antibodies against IP~3~R (right) from lysates of AR42J cells. IgG was used as control. **B**. The time course of activation of Cl^−^ currents by cerulein in AR42J cells transfected with scrambled shRNAs or TMEM16A-shRNAs. Cells were recorded with 750-ms voltage ramps from − 100 to + 100 mV at an interval of 10 s. The external solution contained no Ca^2+^. Currents at --100 mV and + 100 mV are shown. Bottom trace: the representative currents recorded before (**a**) and after (**b**) cerulein application and at the peak current (**c**). **C**. The representative currents at the time points **a**, **b**, **c** in B. **D**. The representative current at **c** recorded with a step voltage pulse from a holding potential of 0 mV to potentials between --100 mV and + 100 mV in 20 mV increments for 750 ms. **E**. Mean peak current densities at + 100 mV for cells treated with scrambled shRNA or TMEM16A-shRNA, as recorded in (**B**). n = 3--4. \*p \< 0.05 vs scrambled shRNA. **F**. The time course of cerulein-induced Cl^−^ currents inhibited by T16Ainh-A01 (20 μM) in AR42J cells. **G**. Mean Fluo-4 intensity changes (F/F0) in AR42J cells in the presence or absence of T16Ainh-A01 (20 μM). Cerulein (10 nM) was applied to induce Ca^2+^ release from IP~3~R. Cells were treated with T16Ainh-A01 30 min before cerulein application. **H**. Quantification of the amplitude of the curve of Fluo-4 intensity changes (F/F0). n = 10--12 cells. \*p \< 0.05 vs control.

TMEM16A overexpression activates NFκB signaling via Ca^2+^ in AR42J cells {#s0090}
-------------------------------------------------------------------------

Since NFκB activation by Ca^2+^ in PACs contributes to the pathogenesis of AP [@b0125], [@b0135], we further investigated whether TMEM16A activates NFκB signaling in AR42J cells. TMEM16A overexpression increased the nuclear expression of NFκB/p65 and decreased the cytosolic expression of NFκB/p65 ([Fig. 4](#f0020){ref-type="fig"}A). TMEM16A overexpression also increased the IL-6 secretion from AR42J cells ([Fig. 4](#f0020){ref-type="fig"}B). These results suggested that TMEM16A promoted NFκB activation in AR42J cells. Furthermore, the Ca^2+^ chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid-acetyloxymethyl ester (BAPTA-AM) ([Fig. S1](#s0125){ref-type="sec"}C) inhibited TMEM16A overexpression-induced NFκB activation ([Fig. 4](#f0020){ref-type="fig"}C, D). These findings suggested that TMEM16A activated NFκB signaling by increasing intracellular Ca^2+^.Fig. 4TMEM16A overexpression activated NFκB signaling in AR42J cells. **A**. Western blot results of p65 expression in the nucleus and cytosol in control AR42J cells and cells transfected with empty vector or TMEM16A-overexpressing plasmids. Quantification results of the ratio of nuclear/cytosolic p65 expression in the bottom. n = 3 \*p \< 0.05 vs vector. **B**. ELISA results of the IL-6 levels in the culture medium in control AR42J cells and cells transfected with empty vector or TMEM16A-overexpressing plasmids. n = 6. \*p \< 0.05 vs vector. **C**. Representative Western blot results of p65 expression in the nucleus and cytosol in control AR42J cells and cells transfected with empty vector or TMEM16A-overexpressing plasmids in the presence or absence of BAPTA-AM (13 μM). DMSO was used as a vehicle control for BAPTA-AM. **D**. Quantification results of the ratio of nuclear/cytosolic p65 expression in C. n = 3. \*p \< 0.05 vs vector; \#p \< 0.05 vs DMSO.

TMEM16A knockdown blocks cerulein-induced NFκB activation {#s0095}
---------------------------------------------------------

We next investigated the effect of TMEM16A inhibition on NFκB activation in the AR42J cell model of cerulein-induced AP. BAPTA-AM treatment inhibited cerulein-induced (24 h) NFκB activation ([Fig. 5](#f0025){ref-type="fig"}A), suggesting that Ca^2+^ signaling was critical for NFκB activation in cerulein-induced AP. Cerulein-induced NFκB activation and IL-6 secretion were inhibited by TMEM16A-shRNA treatment ([Fig. 5](#f0025){ref-type="fig"}B, C), suggesting that TMEM16A mediated NFκB activation and IL-6 secretion in cerulein-induced AP.Fig. 5TMEM16A inhibition blocked cerulein-induced NFκB activation in AR42J cells. **A**. Representative Western blot results (**Top**) of p65 expression in the nucleus and cytosol in control AR42J cells and cerulein-treated cells in the presence or absence of BAPTA-AM (13 μM). DMSO was used as vehicle control. **Bottom**: quantification results of the ratio of nuclear/cytosolic p65 expression. n = 3. \*p \< 0.05 vs control; \#p \< 0.05 vs DMSO. **B**. Western blot results (**Top**) of p65 expression in the nucleus and cytosol in control AR42J cells and cerulein-treated cells with or without transfection of scrambled shRNAs (Scr) or TMEM16A-shRNAs. **Bottom**: quantification results of the ratio of nuclear/cytosolic p65 expression. n = 3. \*p \< 0.05 vs control; \#p \< 0.05 vs scrambled shRNAs. **C**. ELISA results of the IL-6 levels in the culture medium in control AR42J cells and cerulein-treated cells with or without transfection of scrambled shRNAs or TMEM16A-shRNAs. n = 6. \*p \< 0.05 vs control; \#p \< 0.05 vs scrambled shRNAs.

TMEM16A inhibitors ameliorate cerulein-induced AP via inhibition of channel activities and protein expression {#s0100}
-------------------------------------------------------------------------------------------------------------

We investigated the effect of TMEM16A inhibitors on NFκB activation in cerulein-induced AP. T16Ainh-A01 treatment inhibited cerulein-induced NFκB activation ([Fig. 6](#f0030){ref-type="fig"}A, B), suggesting that inhibition of TMEM16A channel function reduced the cerulein-induced NFκB activation in AR42J cells. To further confirm whether TMEM16A channel activities were essential for NFκB activation, we transfected AR42J cells with Δ~444~EEEEEAVKD~452~ TMEM16A mutants with reduced channel activities [@b0140]. Compared with wild-type (WT) TMEM16A, overexpression of Δ~444~EEEEEAVKD~452~ mutants resulted in less NFκB activation ([Fig. 6](#f0030){ref-type="fig"}C), suggesting that TMEM16A channel activity was essential for NFκB activation.Fig. 6T16Ainh-A01 inhibited cerulein-induced AP. **A**. Representative Western blot results of p65 expression in the nucleus and cytosol in control AR42J cells and cerulein-treated cells in the presence or absence of T16Ainh-A01 treatment applied 30 min before cerulein treatment. **B**. Quantification results of the ratio of nuclear/cytosolic p65 expression in (**A**). n = 3. \*p \< 0.05 vs control; \#p \< 0.05 vs cerulein alone. **C**. Western blot results of p65 expression in the nucleus and cytosol in AR42J cells transfected with empty vector, WT TMEM16A, or Δ~444~EEEEAVKD~452~ TMEM16A mutants. **D. E.** Western blot results (**Top**) of TMEM16A expression in control AR42J cells, cerulein-treated cells (**D**), control mice and mice with cerulein treatment (**E**) in the presence or absence of T16Ainh-A01. **Bottom**: quantification results of TMEM16A expression. n = 3. \*p \< 0.05 vs control; \#p \< 0.05 vs cerulein alone. **F. G**. Representative H&E stains (**F**) and pathological scores (**G**) of pancreatic tissues in control mice and mice with cerulein treatment in the presence or absence of T16Ainh-A01. **H. I**. The IL-6 levels in the pancreatic tissues (**H**) and in the serum (**I**) of control mice and mice with cerulein treatment in the presence or absence of T16Ainh-A01. n = 6. \*p \< 0.05 vs control; \#p \< 0.05 vs cerulein alone.

We then examined whether T16Ainh-A01 inhibited TMEM16A expression in cerulein-treated AR42J cells. The cerulein-induced increase in TMEM16A expression was inhibited by T16Ainh-A01 treatment ([Fig. 6](#f0030){ref-type="fig"}D). This effect was also found in the *in vivo* mouse model of cerulein-induced AP ([Fig. 6](#f0030){ref-type="fig"}E). Furthermore, histological examination showed that T16Ainh-A01 reduced the pancreatic damage in AP mice ([Fig. 6](#f0030){ref-type="fig"}F, G). T16Ainh-A01 treatment inhibited the IL-6 level in the pancreatic tissues and the serum of AP mice ([Fig. 6](#f0030){ref-type="fig"}H, I). These findings indicated that TMEM16A inhibition ameliorated AP.

Discussion {#s0105}
==========

Our study demonstrated that TMEM16A expression was upregulated in PACs via the IL-6/IL-6R/STAT3 signaling pathway in cerulein-induced AP, and increased TMEM16A expression activated NFκB signaling and promoted IL-6 secretion by increasing IP~3~R-mediated Ca^2+^ release in acinar cells ([Fig. 7](#f0035){ref-type="fig"}). Thus, these results reveal a positive activation loop between TMEM16A and IL-6 in PACs. Since Ca^2+^, NFκB, and IL-6 are known contributors to the pathogenesis of AP [@b0100], [@b0135], our findings suggest that TMEM16A may aggravate AP by promoting Ca^2+^ elevation, NFκB activation and IL-6 release. Furthermore, TMEM16A inhibition by TMEM16A-shRNA or T16Ainh-A01 was able to block NFκB activation and IL-6 secretion in the cellular model of AP, and T16inh-A01 treatment ameliorated pancreatic damage and reduced the IL-6 levels in the AP animal model. Our findings suggest that TMEM16A inhibition may be a new strategy for treating AP.Fig. 7The mechanisms by which TMEM16A promotes the pathogenesis of AP by activating the IP~3~R/Ca^2+^/NFκB signaling pathways. TMEM16A is upregulated by IL-6 via the IL-6R/STAT3 signaling pathway. Increased TMEM16A expression promotes intracellular Ca^2+^ release from the ER via direct interaction with IP~3~R. Intracellular Ca^2+^ elevation subsequently activates NFκB signaling, resulting in an increase in IL-6 secretion from acinar cells. IL-6 further promotes TMEM16A expression via the IL-6R/STAT3 signaling pathway. Therefore, a positive activation loop between TMEM16A and the IP~3~R/ Ca^2+^/NFκB/IL-6 pathway is important for Ca^2+^ elevation, NFκB activation and IL-6 release, and thus cooperatively promotes the pathogenesis of AP.

TMEM16A expression is upregulated in inflammation [@b0050], and TMEM16A overexpression contributes to inflammation-associated respiratory diseases such as cystic fibrosis, chronic rhinosinusitis, and asthma [@b0040], [@b0045], [@b0055]. Inflammatory cytokines such as IL-4 and IL-13 increase TMEM16A expression by activating STAT6 in airway epithelial cells and biliary epithelial cells [@b0050], [@b0145], [@b0150]. We previously found that TMEM16A expression is upregulated by epidermal growth factor (EGF)/EGF receptor (EGFR)/STAT3 signaling activation in breast cancer cells [@b0155]. The current study showed that TMEM16A expression was correlated with the IL-6 levels in the pancreatic tissues and in the serum of AP mice, and IL-6 promoted TMEM16A expression in PACs by activating the IL-6R/STAT3 signaling pathway. Furthermore, TMEM16A overexpression resulted in an increase in IL-6 secretion in PACs, and TMEM16A knockdown reduced IL-6 secretion in cerulein-treated cells. These findings suggest that TMEM16A expression and IL-6 secretion mutually activate each other in PACs, and the positive activation loop between TMEM16A and IL-6 may be important for the maintenance of persistent high TMEM16A expression and the constitutive secretion of IL-6 in PACs during AP. Since IL-6 is a pro-inflammatory cytokine that contributes to the development of AP [@b0125], our findings also suggest that TMEM16A upregulation in PACs may promote AP by increasing IL-6 secretion.

Sustained Ca^2+^ elevation is an early cellular event in PACs during AP [@b0015], [@b0100], [@b0135]. NFκB activation and the subsequent release of many pro-inflammatory cytokines including IL-6 play key roles in the pathogenesis of AP [@b0125], [@b0135]. Several studies have demonstrated that Ca^2+^ is required for NFκB activation in PACs treated with cerulein or bile acids [@b0135], [@b0160]. Consistent with these studies, we found that the Ca^2+^ chelator BAPTA-AM reduced cerulein-induced NFκB activation in PACs. In addition, TMEM16A inhibition by T16Ainh-A01 reduced the IP~3~R-mediated Ca^2+^ release induced by cerulein, and BAPTA-AM treatment inhibited the TMEM16A overexpression-induced NFκB activation in PACs. Thus, TMEM16A overexpression activates NFκB by increasing Ca^2+^ levels. Furthermore, TMEM16A inhibition by shRNAs or T16Ainh-A01 reduced the cerulein-induced NFκB activation. Therefore, our findings suggest that TMEM16A may promote AP by increasing intracellular Ca^2+^ concentrations and subsequently activating NFκB in PACs.

TMEM16A is expressed in the ER--plasma membrane contact sites [@b0105], [@b0110], where ion channels such as IP~3~R are expressed and participate in the regulation of Ca^2+^ signaling [@b0165]. TMEM16A directly binds to IP~3~R and is activated by IP~3~R-mediated Ca^2+^ release in the dorsal root ganglia and HeLa cells [@b0105], [@b0110]. Furthermore, TMEM16A knockdown inhibits ATP-induced Ca^2+^ release in HeLa cells and human cystic fibrosis bronchial epithelial (CFBE) cells [@b0110], [@b0170]. However, the binding of TMEM16A to IP~3~R is cell type-dependent, since TMEM16A does not co-immunoprecipitate with IP~3~R in cerebral artery smooth muscles [@b0115]. In addition, TMEM16A has been found to control EGF-induced Ca^2+^ signaling in pancreatic cancer cells [@b0085]. Here, we found that TMEM16A and IP~3~R were co-immunoprecipitated in PACs. TMEM16A channels were activated by Ca^2+^ release from IP~3~R activation by cerulein. In turn, TMME16A inhibition by T16Ainh-A01 reduced IP~3~R-mediated Ca^2+^ release. These results demonstrate that IP~3~R-mediated Ca^2+^ release can activate TMEM16A channels, and TMEM16A channels can promote IP~3~R-mediated Ca^2+^ release from the ER. Thus, our findings suggest that TMEM16A and IP~3~R directly interact with and activate each other, thus forming a positive activation loop between TMEM16A and IP~3~R.

IP~3~R-mediated Ca^2+^ elevation in PACs is important for the pathogenesis of AP [@b0100], since IP~3~R inhibition by IP~3~R knockout and by the pharmacological inhibitor caffeine protects against AP induced by cerulein, taurolithocholate, or ethanol and palmitoleic acid [@b0175]. However, caffeine is not a specific IP~3~R inhibitor, and intoxication doses (\>25 mg/kg) are required to ameliorate AP in mice [@b0175]. This study found that TMEM16A inhibition by T16Ainh-A01 inhibited the IP~3~R-mediated Ca^2+^ elevation and cerulein-induced NFκB activation in the AR42J cell model of AP, and it reduced the serum IL-6 levels and ameliorated pancreatic damage in the animal model of AP. Our findings indicate that TMEM16A may be a potential new target for treating AP.

We found that TMEM16A expression was upregulated in PACs, and reduced TMEM16A expression via transfection of TMEM16A-shRNAs inhibited the cerulein-induced NFκB activation, suggesting that reduced TMEM16A channel function via decreasing protein levels is important for NFκB activation in PACs. However, knockdown of TMEM16A protein could not determine whether TMEM16A channel activity contributes to NFκB activation. Our findings show that overexpression of Δ~444~EEEEEAVKD~452~ mutants with decreased channel activities resulted in less NFκB activation, suggesting that TMEM16A channel activity is important for NFκB activation in AR42J cells. Furthermore, T16Ainh-A01 not only inhibited the TMEM16A current activated by cerulein, but it also reduced TMEM16A expression in cell and mouse models of cerulein-induced AP. Reduced TMEM16A protein expression is found for CaCCinh-A01 (but not for T16Ainh-A01) in head and neck squamous cell carcinoma Te11 cells and in pharyngeal squamous cancer FaDu cells due to decreased protein stability or increased internalization via an ER-associated, proteasome-dependent mechanism [@b0180]. However, T16Ainh-A01 has been found to reduce TMEM16 expression in SKBR3 breast cancer cells [@b0185], similar to our findings. This cell-specific effect of T16Ainh-A01 on TMEM16A expression suggests that the reduction of TMEM16A expression by T16Ainh-A01 may depend on a specific cellular environment. In this study, T16Ainh-A01 inhibited NFκB activation by cerulein in AR42J cells, and reduced the IL-6 levels in the pancreatic tissues and serum. Since IL-6 promoted TMEM16A expression ([Fig. 7](#f0035){ref-type="fig"}), the reduction of TMEM16A expression by T16Ainh-A01 may be due to reduced IL-6 levels via NFκB inhibition in PACs.

Conclusions {#s0110}
===========

Our study identified a novel mechanism by which TMEM16A channels are upregulated in PACs via IL-6/IL-6R/STAT3 signaling activation, and TMEM16A overexpression activates IP~3~R/Ca^2+^/NFκB/IL-6 signaling in PACs ([Fig. 7](#f0035){ref-type="fig"}). The mutual activation between TMEM16A and IL-6 may be essential for persistent high TMEM16A expression, sustained Ca^2+^ elevation, and constitutive NFκB activation and IL-6 secretion in PACs, all of which are known to contribute to the pathogenesis of AP. Furthermore, TMEM16A inhibition by T16Ainh-A01 reduced the serum IL-6 levels and ameliorated pancreatic damage in AP mice. Therefore, our findings suggest that targeting TMEM16A may represent a novel therapy for AP. The identification of novel TMEM16A inhibitors may be promising for the treatment of AP. Consistent with this idea, some agents such as sikonin that inhibit TMEM16A [@b0190] can ameliorate AP in mice [@b0195].
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